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Recovery from aneurysmal subarachnoid hemorrhage (SAH) is often incomplete and
accompanied by subtle but persistent cognitive deficits. Previous neuropsychological
reports indicate these deficits include most prominently memory impairment, with working
memory particularly affected. The neural basis of these memory deficits remains unknown
and unexplored by functional magnetic resonance imaging (fMRI). In the present study,
patients who experienced (SAH) underwent fMRI during the performance of a verbal
working memory paradigm. Behavioral results indicated a subtle but statistically significant
impairment relative to healthy subjects in working memory performance accuracy, which
was accompanied by relatively increased blood-oxygen level dependent signal in widespread left and right hemisphere cortical areas during periods of encoding, maintenance,
and retrieval. Activity increases remained after factoring out inter-individual differences in
age and task performance, and included most notably left hemisphere regions associated
with phonological loop processing, bilateral sensorimotor regions, and right hemisphere
dorsolateral prefrontal cortex. We conclude that deficits in verbal working memory following recovery from (SAH) are accompanied by widespread differences in hemodynamic
correlates of neural activity. These differences are discussed with respect to the immediate and delayed focal and global brain damage that can occur following (SAH), and the
possibility that this damage induces subcortical disconnection and subsequent decreased
efficiency in neural processing.
Keywords: aneurysm rupture, verbal memory, phonological loop, mixed-effects multilevel analysis, stroke

INTRODUCTION
Subarachnoid hemorrhage (SAH) due to aneurysm rupture
accounts for about five percent of all strokes and affects approximately 30,000 individuals annually in the United States (1–3).
In contrast to other types of stroke, the incidence of aneurysmal
SAH has not declined in the last few decades (3). This is likely
due to high prevalence of clinically silent intracranial aneurysms
in otherwise healthy individuals (4–6).
Traditionally, aneurysmal SAH has been associated with high
mortality and morbidity, but the last few decades have seen a
tremendous improvement in overall care of such patients. Associated mortality has fallen by about 50% in the last two decades
with case fatality rates improving at 0.9% every year. Interestingly,
this has not been associated with a rebound increase in the proportion of survivors with severe neurological disabilities (3). Still,
about two thirds of SAH survivors will experience some long-term
neurological deficit (7).
Although most published outcome data from survivors of
aneurysmal SAH place patients with mild disabilities in a “good
recovery” category (3), several studies have demonstrated that
these patients suffer from varying degrees of cognitive impairment
(8–13). Despite the increasing prevalence of such “high functioning” survivors, more research is critically needed to understand
how specific cognitive deficits following recovery form SAH relate
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to specific neurobiological changes so that rehabilitation strategies
can be improved.
The physical, economic, and emotional toll of SAH is so dramatic (14–16) because the median age of aneurysmal hemorrhagic
stroke is younger than for ischemic stroke and therefore encompasses more years of productive potential and higher total costs
of rehabilitation. If the patient survives, recovery is often long
and a number of neuropsychological studies indicate a spectrum
of subtle but persistent cognitive problems that affect daily living and return to work (17–23). Of particular interest are reports
in SAH patients that memory function is often affected (24–26),
with verbal memory (27) and aspects of the phonological store
particularly impaired (28).
There are several questions that remain to be answered about
impaired memory function in SAH patients. From a behavioral perspective, it remains to be determined what aspects of
short-term memory, particularly working memory (25), are most
affected. Do patients experience deficits in the encoding, maintenance, or retrieval of information? Are these differences reflected
in the overall performance accuracy of working memory trials, or
in the speed with which working memory computations are carried out? From a biological perspective, the neural basis of memory
impairment in these patients is not at all understood. Are behavioral impairments in SAH patients accompanied by increased or
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decreased activity? If so, how are activity differences related to performance and age, and are the differences limited to the encoding,
maintenance, or retrieval operations of working memory? A challenge in answering brain-behavior questions like these has been
that SAH patients, particularly those treated neurosurgically with
implanted aneurysm clips, are difficult to image in a high field
MRI environment, unless they have been implanted with MRI-safe
titanium clips that produce minimal artifact (29).
In the present study, we undertook an exploratory behavioral
and neuroimaging investigation of SAH patients with two main
objectives. First, we examined verbal working memory using a
well-validated task paradigm in order to measure the accuracy
and speed of working memory processing. Second, using this task
we examined using 3 T functional magnetic resonance imaging
(fMRI) the blood oxygenation level dependent (BOLD) activity
during the three temporal phases of working memory encoding,
maintenance, and retrieval. Differences between patients and controls in the fMRI-BOLD activity patterns and their covariation
with measures of age and performance are presented, followed
by discussion and some preliminary conclusions regarding the
behavioral and neural correlates of verbal memory impairment
in SAH.

MATERIALS AND METHODS
PARTICIPANTS

Eleven patients who experienced SAH participated in this study.
Detailed demographic and clinical characteristics for each patient
are summarized in Table 1. Ten healthy participants (5 males,
mean age 27.3, range 20–55 years old, 1 left handed) with no history of cerebrovascular or psychiatric diagnoses served as controls.
Each participant provided written informed consent in accordance
with a protocol approved by the local institutional review board
for ethical research and protection of human subjects. Each participant completed a single 90 minute magnetic resonance imaging
session that included the performance of a working memory task
during the collection of functional imaging data.
WORKING MEMORY TASK

Each participant completed eight blocks of a variant of a Sternberg (30) verbal working memory task that we have previously
used successfully during other patient neuroimaging studies (31).
During this task, participants were presented visually in the scanner bore with a sequence of four letter strings. Each white letter
appeared for 1 s on a black background, one at a time followed by
a 1 s black screen, during an encoding period of 8 s. The encoding period was followed by a maintenance or delay period of 6 s
during which the participant was required to hold in memory the
four previously presented letters. Each sequence of letters did not
spell a word, and participants were not dissuaded from repeating the sequences to themselves during the maintenance period in
order to maintain successfully the information online. After the
maintenance period, a probe letter was presented for 1 s, and the
participant was required to indicate within a time limit of four
additional seconds with a button press whether or not this letter
was one of the previously four presented letter strings. The 14 s
temporal sequence of encoding, maintenance, and retrieval periods relative to the fMRI data collection can be seen in the colored
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vertical bars that appear in Figures 7C,D. Participants did not
receive any feedback during scanning about whether their answer
on each probe trial was correct or incorrect.
An 18 s control period was placed between the sequence of eight
working memory trial blocks to allow for fMRI signal to return
to baseline before a new encoding period started. To control for
visuomotor processing unrelated to working memory processing,
the baseline period consisted of change detection in the background color of sequentially presented crosses. A total of seven
crosses appeared during each baseline period with six appearing
on a white background and with one appearing randomly on a
green background. Participants were instructed to press a button
when a cross on the green background appeared during the center
fixation.
IMAGE ACQUISITION

Brain scans were obtained with a 3 T Philips Intera scanner (Philips Medical Systems, Bothell, WA, USA) equipped
with an eight-channel head coil (SENSE acquisition). A highresolution 3D T1-weighted magnetization prepared rapid acquisition turbo field sequence was acquired (TR/TE = 8.4/3.9 ms;
flip angle = 8°; matrix size = 256 × 256; FOV = 240 mm; slice
thickness = 1.0 mm sagittal slices). During working memory task
performance, functional images were obtained with a gradientrecalled echo-planar imaging sequence sensitive to blood-oxygen
level dependent contrast (TR/TE = 2000/30 ms; flip angle = 90°;
matrix size = 80 × 80; field of view = 220 mm; 3 mm thick axial
slices, 136 dynamics).
IMAGE ANALYSIS

All image analysis was performed using tools in the freely available AFNI software package (32, 33). For each participant, each
fMRI volume was aligned to the skull-stripped T1-weighted MRI
volume. An affine transform of the T1-weighted volume to MNI
space was then applied to each fMRI volume. Then voxelwise
mixed-effects multilevel (MEMA) within- and between-group
analyses were conducted on spatially normalized fMRI volumes
by comparing encoding, maintenance, and retrieval periods with
the baseline control periods. The MEMA group analysis approach
(34) employed here has several advantages compared to traditional
fMRI group analyses. It incorporates variability across subjects and
precise estimates of each effect of interest (i.e., each working memory processing period) from individual subject analyses, leading
to higher statistical power especially when there are outliers (nonGaussian distributions) and conventional variance assumptions
do not hold. The MEMA approach also allows for incorporation
of subject-specific covariates, which in the present study included
age and working memory accuracy (percent correct).
For each working memory period (encoding, maintenance,
retrieval) relative to the control baseline, voxelwise t -statistic maps
were computed and thresholded with recommended (34) parameters (p < 0.05, corrected) for each group of controls and patients
(within-group analyses). MEMA t-maps were also computed for
the difference between patients and controls for each processing
period (between-group analyses). Finally, t-maps were computed
summarizing at each voxel how the BOLD-fMRI signal fluctuated
differently as a function of age and performance accuracy between
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the patients and controls. The within- and between-group activity
and covariate maps were projected in different colors as a function of processing period to pial and white/gray matter border
surface reconstructions of the TT_N27 brain in MNI space for
visualization of whole-brain differences.

RESULTS
BEHAVIOR

Patients performed significantly worse (percent correct 82.9 vs.
97.5, p < 0.003, Figure 1A) in terms of working memory task
accuracy. While the time taken by patients was longer (1204
vs. 1058 ms, Figure 1B) to decide whether the probe stimulus
at retrieval was or was not one of the four stimuli previously
presented during the encoding period, the difference was not
significant (p = 0.42).
IMAGING

Visualization of within-group MEMA analyses on the cortical
surface revealed widespread and significant (p < 0.05, corrected)
BOLD-fMRI activity across all working memory processing periods (Figure 2) relative to baseline. A side-by-side visual comparison indicated that task activity was more widespread in patients
(Figure 2B) compared to controls (Figure 2A).
Increased activity in patients was tested quantitatively in a
between-group analysis (Figures 3A–D), with patients showing more voxels activated compared to controls in each of the
three task periods (Figure 3E). The highest number of greater
task-activated voxels in patients was during the encoding period
(Figure 3E, blue bar).
We next tested the hypothesis that the greater activity elicited
in patients could be explained by signal that covaried differently as a function of age and task performance. To do this, we

Memory fMRI after subarachnoid hemorrhage

computed MEMA age and percent correct covariate t-maps, and
displayed significant BOLD-fMRI changes that differed between
groups as a function of age (Figure 4) and performance (Figure 5).
These analyses highlighted regions where signal differed differently between groups as a function of the covariate, and no
constraint was placed on the direction of the difference. Averaged across all regions and task periods that were found to differ
significantly between groups as a function of the age covariate,
patients tended to exhibit BOLD-fMRI changes that increased
with age while controls showed a decreasing pattern (Figure 4E).
For the regions that differed between groups as a function of
task accuracy, patients showed a mostly flat relationship while
controls showed an average decrease as a function of increasing
performance (Figure 5E).
The last question we asked using the computed MEMA maps
was how much overlap existed between the age and performance
covariate maps and the between-group difference map. Do the age
(Figure 4) and performance (Figure 5) activity differences encompass the same regions found to differ in terms of total activity
between the groups (Figure 3)? We multiplied a mask (consisting
of ones) of thresholded between-group differences (Figure 3) by
a mask (consisting of zeros) of the summed thresholded age and
performance covariate maps to produce a map of between-group
differences that cannot be explained by the age- and performancerelated changes (Figure 6). Visualization of the resultant masked
between-group activity on pial (Figure 6A) and gray/white border
(Figure 6B) surfaces revealed several clusters of activity differences
in both hemispheres (Table 2).
The spatial distributions of the masked activity differences were
further investigated by inflating painted gray/white border reconstructions (Figure 7). The most prominent remaining activity
differences were clustered near left hemisphere inferior frontal

FIGURE 1 | Subarachnoid hemorrhage patients show working memory task impairment. Compared to controls, SAH patients show significant reductions
in working memory task accuracy (A) but no significant differences in speed of choices made during memory trials (B).
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FIGURE 2 | Within-group analyses show distributed fMRI activity across
working memory task periods. Separate mixed-effects model analyses
indicate significant activity (p < 0.05) across working memory encoding,
maintenance (delay period), and retrieval task periods in the group of patients

Memory fMRI after subarachnoid hemorrhage

(A) and the group of controls (B), including areas activated during all three
periods (orange). The group maps are displayed for ease of comparison on a
single subject healthy control brain surface, the TT_N27 brain model, which is
distributed by the Montreal Neurological Institute.

FIGURE 3 | Between-group analyses show greater activity in patients compared to controls. A between-group analysis showed significantly greater
(p < 0.05) fMRI activity in patients vs. controls across widespread brain areas (A–D) and during all three task periods (E).

and precentral gyri (for encoding, blue, Figure 7B), left middle
temporal gyrus (for retrieval, purple, Figure 7B), and in bilateral pre and postcentral somatosensory regions (for maintenance,
yellow, Figures 7A,B). Spatial averages of BOLD-fMRI activity

Frontiers in Neurology | Neurotrauma

from regions highlighted in Figures 7A,B relative to the start and
end of the encoding, maintenance, and retrieval periods are displayed in Figures 7C–E respectively (note lagged hemodynamic
time courses).
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FIGURE 4 | A covariate interaction analysis shows regions that differ as a function of age. Several regions (A–D) exhibited fMRI activity that covaried
significantly (p < 0.05) differently between patients and controls as a function of age (E).

FIGURE 5 | A covariate interaction analysis shows regions that differ as a function of working memory accuracy. Several regions (A–D) exhibited fMRI
activity that covaried significantly (p < 0.05) differently between patients and controls as a function of working memory accuracy (E).
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FIGURE 6 | Between-group fMRI activity differences masked by age and accuracy covariate interactions. When significant age and accuracy interaction
differences are subtracted from the between-group analysis, widespread regional increases (p < 0.05) in activity in patients vs. controls across all three task
periods remain. Masked differences are shown on a pial (A) and gray/white border (B) surface reconstruction of the TT_N27 brain in MNI space.

DISCUSSION
In the present study, we report results from a combined behavioral and functional MRI study following recovery from SAH, a
type of stroke that causes complex immediate and delayed secondary brain damage. Our study was motivated by several reports
indicating cognitive deficits, including most prominently memory dysfunction, that persist after recovery from SAH and that
severely impact quality of life (3, 8, 10, 35–37). The neural basis
for these cognitive deficits after SAH remains poorly understood.
While structural MRI studies have been conducted to understand
how brain atrophy and lesion location relates to SAH cognitive
dysfunction (38–42), to our knowledge the present study is the
first to employ task-based fMRI to investigate the neural basis of
memory in SAH patients.
Behavioral results obtained from our verbal working memory paradigm indicated that patients were significantly impaired
relative to healthy subjects on retrieval accuracy, that is, determining whether or not a probe letter was presented previously
during an encoding period. We used a relatively high load of four
letters to be encoded, which according to our behavioral results
and post-assessment debriefing was easy for healthy subjects but
was cognitively challenging for the SAH patients. The majority of
patients studied reported problems with memory and daily activities requiring memory, and these subjective reports were borne out
by the objective accuracy differences obtained using the Sternberg
paradigm. However, the patients’ retrieval time to decide during
the probe trials was not significantly longer. These results are compatible with a deficit at stimulus encoding rather than at retrieval,
since if all stimuli were encoded and stored properly their accuracy would be on par with controls, but their retrieval time on
probe trials would be longer because of a difficulty in accessing the
stored representations. Although our results are compatible with
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this scenario, it is too early to rule out other behavioral hypotheses, especially since other studies of working memory following
SAH have indicated a problem with manipulating information
in working memory rather than storing information without
manipulation processing (25).
The neuroimaging findings of the present study paint a complex
picture of the neural basis of memory deficits in SAH patients. As
there have been no previous investigations using fMRI of cognitive
function after SAH, it was unclear at the outset whether memory dysfunction would be accompanied by reduced or increased
activation. The between-group MEMA analysis clearly showed
increased fMRI activation in SAH patients relative to controls during all three working memory periods. The greatest difference, in
terms of numbers of voxels activated, occurred during the encoding period. The increased activity in the SAH patients compared
to controls is reminiscent of other fMRI studies designed to map
the neural correlates of cognitive efficiency (43), where results
suggest that a critical determinant of individual differences is the
efficiency of interactions among brain regions, with impaired (or
slower) subjects requiring more executive control, and therefore
more brain activity, compared to healthy (or faster) individuals
in order to perform successfully. More executive control implies
greater activity in SAH patients in frontal regions, and our results
clearly show increased activity in both left and right frontal cortex suggesting perhaps greater executive control during working
memory processing (44).
The pattern of increased fMRI activation during encoding and
retrieval in SAH patients, included left inferior frontal regions,
part of the insula, the left middle temporal gyrus/superior temporal sulcus, and supramarginal parietal regions (Figures 7A–D,
blue and purple). These brain areas have been suggested to constitute in part the functional anatomy of the phonological loop
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Table 2 | Between-group differences (SAH > CON).
Task period
Encoding

Maintenance

Retrieval

1

No. voxels in cluster

Hemisphere

Cluster center of mass coordinate (MNI)

Brain region1

358

Left

−35, −5, 6

266

Right

48, −11, 22

Insula

169

Left

−50, −11, 23

Postcentral gyrus

Rolandic operculum

159

Left

−40, −54, 9

Middle temporal gyrus

155

Left

−16, −34, 39

Superior parietal (5Ci)

101

Right

26, 44, 15

Superior frontal gyrus

96

Right

9, −57, 45

Precuneus

90

Right

58, −49, 27

Supramarginal gyrus

74

Left

−52, −30, 25

Supramarginal gyrus
Inferior temporal gyrus

52

Right

45, −64, −12

685

Right

36, −30, 47

Postcentral gyrus

198

Left

−47, −23, 40

Postcentral gyrus

181

Right

23, −44, 13

Hippocampus

48

Left

−27, −50, 8

Precuneus

45

Left

−31, −45, −1

45

Right

57, −2, 28

30

Left

−36, −3, 55

Middle frontal gyrus

25

Left

−8, −23, 49

Middle cingulate gyrus

24

Right

42, 26, 19

24

Right

61, −24, 25

Supramarginal gyrus

237

Left

−54, −44, 0

Middle temporal gyrus

140

Right

47, −41, 24

Supramarginal gyrus

136

Right

16, −57, 66

Superior parietal lobule

129

Right

41, −23, 12

Heschl’s gyrus

112

Left

−4, −66, 19

Calcarine

98

Right

43, 6, 30

85

Right

48, −28, 33

Supramarginal gyrus

78

Right

44, 23, 8

Inferior frontal gyrus

77

Right

8, −66, −15

Cerebellar vermis

76

Right

−47, −16, 5

Superior temporal gyrus

Parahippocampal gyrus
Precentral gyrus

Inferior frontal gyrus

Inferior frontal gyrus

based on cluster center of mass coordinate referenced to Eickhoff–Zilles probability maps.

(45), which Baddeley theorizes is involved in retaining sequences
of familiar words (46), and specifically with respect to the verbal
working memory task performed here, letters. One idea to explain
this pattern of results is that SAH patients have particular difficulty with the encoding and maintenance of these simple letters
in memory, and the greater activity is a correlate of decreased
efficiency and increased effort associated with underlying neural
computations of the phonological loop. Increased activity associated with maintaining the encoded stimuli could be reflected
in SAH patients by greater delay activity we found in bilateral
sensorimotor regions (Figures 7A,B,D, yellow), which overlaps
with previously reported dorsal and caudal regions implicated in
memory and response preparation respectively (47).
The greater activity exhibited by SAH patients was widespread
across cortex, and it encompassed all three working memory task
periods. Originally we hypothesized that these widespread differences could be explained by BOLD-fMRI signal that changed
differently between patients and healthy subjects as a function of
age and overall performance. Yet when we quantified individual
age and performance-related differences statistically, and masked
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regions showing these effects from the overall between-group difference map, several regions of greater activity in patients remained
across several brain areas (Figures 6 and 7; Table 2). Future studies
in larger groups of SAH patients need to be conducted in order
to investigate the variables that contribute to these differences.
An examination of the clinical characteristics (Table 1) reveals
the challenges in studying these types of patients. The SAH distribution is often global and diffuse, and the origin of the SAH is
sometimes undetermined in that in some patients there is evidence
of SAH but the precise rupture site is not visible using angiographic
techniques.
While some studies point to particular vulnerability of anterior basal forebrain damage for impacting memory function (48),
other investigators have had difficulty in pinpointing robust relationships between rupture site, evidence of brain damage, and
specific memory impairment (25), which suggests diffuse rather
than focal pathology underlie the deficits. In addition to diffuse
pathology, our sample’s clinical characteristics (Table 1) also highlight the variability in the type of secondary delayed brain damage
following SAH. Due to our limited sample and the exploratory
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FIGURE 7 | Spatial localization of fMRI activity differences on inflated surface representations. The fMRI activity increases in patients from Figure 6 is
shown on right (A) and left (B) hemisphere inflated surface representations of the TT_N27 brain. Average temporal responses within each of the significantly
differently activated task periods are shown relative to the start and end (vertical lines) of the encoding (C), maintenance (D), and retrieval (E) periods.

nature of this preliminary study, we cannot quantify reliably the
separable contributions of vasospasm, hemosiderin deposition,
arachnoidal scaring, hydrocephalus, retraction injury, and intraparenchymal damage to the behavioral deficits and BOLD-fMRI
changes. The clinical heterogeneity of damage and diffuse pathology is ideal for future study using techniques like network analysis
of structural and functional MRI data (49), which has shown
promising in other patient groups for relating cognitive changes
with aspects of diffuse brain pathology (50).
Another promising tool for gaining a deeper understanding of
the neural basis of SAH memory deficits is diffusion MRI tractography, which allows for reconstruction of white matter fiber
tracts near rupture locations. In a preliminary report of two SAH
patients, one with an ACA and one with an ACoM rupture, tractography in regions around rupture locations, the putative sites of
focal damage, was shown to identify the left uncinate fasciculus
and inferior frontal occipital fasciculus (29). These tracts connect
distant brain regions including anterior temporal lobe with inferior frontal lobe, and the occipital lobe with inferior frontal lobe
and have been shown to be important for aspects of language
(51) and working memory function (52). Another tract that may
be vulnerable to aneurysms of the anterior circulatory system is
the arcuate fasciculus, which mediates language processes (53–55)
and passes superior-lateral to the insula and connects the inferior frontal region with middle temporal region, three regions that
were more activated in our sample of SAH patients. Finally, ACoM
rupture can affect the fornix, a tract which connects the hippocampus and is implicated in short-term learning (56) and working
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memory (57). Based on the demonstrated ability of tractography
to reconstruct fibers of passage around anterior aneurysm rupture
sites (29), it is unlikely that a complete disconnection of tracts
causes cognitive deficits, but subtle changes in microstructural
aspects of the white matter could impact the efficiency of neural
communication possibly leading to increased task-related BOLDfMRI activation, which is a hypothesis future diffusion imaging
studies may test.
The difference in memory accuracy between the two study
groups could also be influenced by the mean age difference
between the two groups. While we quantified inter-individual differences in age between groups in the MEMA analyses, our control
group was younger on average than the SAH group. Our main
goal in recruiting healthy participants was to control as best as
possible for the multiple variables of gender, handedness, and age,
and at the same time obtain a group of subjects who did not
have a history of cerebrovascular disease. It is true that our SAH
group is older on average than our healthy control group, and
this difference could be contributing to the poorer performance
of the SAH group. Working memory has been reported to decline
with age, but pronounced deficits usually manifest after age 60,
an age that is older than the average age of our SAH group (58).
One could argue that memory decrements would be expected to
be significantly poorer for a group of SAH patients older (e.g.,
elderly) than the group we studied. But even that prediction is not
entirely a given, as one recent comparison of elderly participants
and young participants show equal levels of performance in verbal
short-term memory tasks even after controlling for differences in
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sensory processing (59). Some argue that visual working memory binding is mostly intact in the elderly relatively to younger
subjects, with specific decrements only arising in diseases such as
Alzheimer’s (60). The SAH group studied here is younger than
elderly, and included patients in the middle age to older middle
age range.
During the course of normal aging, neuroimaging studies indicate that older adults often show a greater extent of brain activation
(i.e., overactivation) compared to younger adults at similar levels
of difficulty. An idea to explain this is the Compensation-Related
Utilization of Neural Circuits Hypothesis (61) whereby older subjects need to recruit more neuronal resources at lower loads than
younger adults leaving fewer resources for processing at higher
loads. Predictions consistent with this hypothesis include higher
activity for older subjects during low working memory load and
lower activity for older subjects during high working memory
load. Under this scenario, at the relatively high working memory
load of four used in the present study, one might predict that
if our findings were driven mostly by age, then the SAH group
would show lower fMRI activity, not higher activity, compared to
younger controls. To fully evaluate this hypothesis as an alternative explanation for our findings, we would have had to utilize
a parametric design varying working memory load beyond four
items, as recent work indicates this is the point at which older
subject performance throughput saturates (62). One could argue
that the pattern of increased brain activity detected by fMRI in
our SAH patients is similar to studies of aging, Alzheimer’s disease, and related neurological diseases in which working memory
is affected. There are data suggesting hyperactivity in subjects at
risk for Alzheimer’s disease (63), and in subjects with mild cognitive impairment (64). But some of the data are conflicting, with
Alzheimer’s patients showing hyperactivity in some brain areas
during verbal working memory, and hypoactivity in other brain
regions (65).
To conclude, the present study provides the first fMRI evidence
of working memory impairment following recovery from SAH.
The behavioral finding of subtle but significant impairment in task
working memory task performance is accompanied by increased
BOLD-fMRI activity across widespread brain areas and during
the encoding, maintenance, and retrieval periods. Future investigations should compare larger samples of SAH patients to agematched patients who have mild cognitive impairment, those at
risk for Alzheimer’s disease, and those diagnosed with Alzheimer’s
disease in order to identify with more specificity how the pattern of brain damage unique to SAH affects working memory,
and to relate the altered functional activity profiles to underlying
structural connectivity changes.

AUTHOR CONTRIBUTIONS
Designed the study: Timothy M. Ellmore; Collected the data: Timothy M. Ellmore, Fiona Rohlffs, Faraz Khursheed; Analyzed the
data: Timothy M. Ellmore, Fiona Rohlffs, Faraz Khursheed; Wrote
the paper: Timothy M. Ellmore, Faraz Khursheed.
ACKNOWLEDGMENTS
This research was supported by a grant to Timothy M. Ellmore
from the Brain Aneurysm Foundation. We thank S. Suzuki and D.

www.frontiersin.org

Memory fMRI after subarachnoid hemorrhage

H. Kim for referring patients for study,V. S. Patel for help with MRI
data collection, and F. Leyton for help with patient scheduling.

REFERENCES
1. Broderick JP, Brott T, Tomsick T, Huster G, Miller R. The risk of subarachnoid
and intracerebral hemorrhages in blacks as compared with whites. N Engl J Med
(1992) 326(11):733–6. doi:10.1056/NEJM199203123261103
2. Dupont SA, Wijdicks EF, Lanzino G, Rabinstein AA. Aneurysmal subarachnoid
hemorrhage: an overview for the practicing neurologist. Semin Neurol (2010)
30(5):545–54. doi:10.1055/s-0030-1268862
3. Lovelock CE, Rinkel GJ, Rothwell PM. Time trends in outcome of subarachnoid
hemorrhage: population-based study and systematic review. Neurology (2010)
74(19):1494–501. doi:10.1212/WNL.0b013e3181dd42b3
4. Rinkel GJ, Djibuti M, Algra A, van Gijn J. Prevalence and risk of rupture
of intracranial aneurysms: a systematic review. Stroke (1998) 29(1):251–6.
doi:10.1161/01.STR.29.1.251
5. Vernooij MW, Ikram MA, Tanghe HL, Vincent AJ, Hofman A, Krestin GP, et al.
Incidental findings on brain MRI in the general population. N Engl J Med (2007)
357(18):1821–8. doi:10.1056/NEJMoa070972
6. Vlak MH, Algra A, Brandenburg R, Rinkel GJ. Prevalence of unruptured
intracranial aneurysms, with emphasis on sex, age, comorbidity, country, and
time period: a systematic review and meta-analysis. Lancet Neurol (2011)
10(7):626–36. doi:10.1016/S1474-4422(11)70109-0
7. The Brain Aneurysm Foundation. Brain Aneurysm Statistics and Facts. (2011).
Available from: http://www.bafound.org/Statistics_and_Facts
8. Al-Khindi T, Macdonald RL, Schweizer TA. Cognitive and functional outcome after aneurysmal subarachnoid hemorrhage. Stroke (2010) 41(8):e519–36.
doi:10.1161/STROKEAHA.110.581975
9. Anderson SW, Todd MM, Hindman BJ, Clarke WR, Torner JC, Tranel D, et al.
Effects of intraoperative hypothermia on neuropsychological outcomes after
intracranial aneurysm surgery. Ann Neurol (2006) 60(5):518–27. doi:10.1002/
ana.21018
10. Hackett ML, Anderson CS. Health outcomes 1 year after subarachnoid hemorrhage: an international population-based study. The Australian Cooperative Research on Subarachnoid Hemorrhage Study Group. Neurology (2000)
55(5):658–62. doi:10.1212/WNL.55.5.658
11. Mayer SA, Kreiter KT, Copeland D, Bernardini GL, Bates JE, Peery S, et al.
Global and domain-specific cognitive impairment and outcome after subarachnoid hemorrhage. Neurology (2002) 59(11):1750–8. doi:10.1212/01.WNL.
0000035748.91128.C2
12. Scott RB, Eccles F, Molyneux AJ, Kerr RS, Rothwell PM, Carpenter K.
Improved cognitive outcomes with endovascular coiling of ruptured intracranial
aneurysms: neuropsychological outcomes from the International Subarachnoid
Aneurysm Trial (ISAT). Stroke (2010) 41(8):1743–7. doi:10.1161/STROKEAHA.
110.585240
13. Tidswell P, Dias PS, Sagar HJ, Mayes AR, Battersby RD. Cognitive outcome after
aneurysm rupture: relationship to aneurysm site and perioperative complications. Neurology (1995) 45(5):875–82. doi:10.1212/WNL.45.5.876
14. le Roux AA, Wallace MC. Outcome and cost of aneurysmal subarachnoid
hemorrhage. Neurosurg Clin N Am (2010) 21(2):235–46. doi:10.1016/j.nec.2009.
10.014
15. Dodel R, Winter Y, Ringel F, Spottke A, Gharevi N, Muller I, et al. Cost of illness in subarachnoid hemorrhage: a German longitudinal study. Stroke (2010)
41(12):2918–23. doi:10.1161/STROKEAHA.110.586826
16. Yoneda Y, Okuda S, Hamada R, Toyota A, Gotoh J, Watanabe M, et al. Hospital
cost of ischemic stroke and intracerebral hemorrhage in Japanese stroke centers.
Health Policy (2005) 73(2):202–11. doi:10.1016/j.healthpol.2004.11.016
17. Bornstein RA, Weir BK, Petruk KC, Disney LB. Neuropsychological function
in patients after subarachnoid hemorrhage. Neurosurgery (1987) 21(5):651–4.
doi:10.1097/00006123-198711000-00008
18. Levin HS, Goldstein FC, Ghostine SY, Weiner RL, Crofford MJ, Eisenberg HM.
Hemispheric disconnection syndrome persisting after anterior cerebral artery
aneurysm rupture. Neurosurgery (1987) 21(6):831–8. doi:10.1097/00006123198712000-00008
19. Ljunggren B, Sonesson B, Saveland H, Brandt L. Cognitive impairment and
adjustment in patients without neurological deficits after aneurysmal SAH
and early operation. J Neurosurg (1985) 62(5):673–9. doi:10.3171/jns.1985.62.
5.0673

November 2013 | Volume 4 | Article 179 | 11

Ellmore et al.

20. Romner B, Sonesson B, Ljunggren B, Brandt L, Saveland H, Holtas S. Late magnetic resonance imaging related to neurobehavioral functioning after aneurysmal subarachnoid hemorrhage. Neurosurgery (1989) 25(3):390–6; discussion
6–7. doi:10.1097/00006123-198909000-00012
21. Saveland H, Sonesson B, Ljunggren B, Brandt L, Uski T, Zygmunt S, et al.
Outcome evaluation following subarachnoid hemorrhage. J Neurosurg (1986)
64(2):191–6. doi:10.3171/jns.1986.64.2.0191
22. Sonesson B, Ljunggren B, Saveland H, Brandt L. Cognition and adjustment
after late and early operation for ruptured aneurysm. Neurosurgery (1987)
21(3):279–87. doi:10.1097/00006123-198709000-00001
23. Vilkki J, Holst P, Ohman J, Servo A, Heiskanen O. Cognitive deficits related
to computed tomographic findings after surgery for a ruptured intracranial aneurysm. Neurosurgery (1989) 25(2):166–72. doi:10.1097/00006123198908000-00003
24. Amici S. Memory dysfunction. Front Neurol Neurosci (2012) 30:54–6. doi:10.
1159/000333409
25. Sheldon S, Macdonald RL, Cusimano M, Spears J, Schweizer TA. Long-term consequences of subarachnoid hemorrhage: examining working memory. J Neurol
Sci (2013) 332(1):145–7. doi:10.1016/j.jns.2013.06.021
26. Sheldon S, Macdonald RL, Schweizer TA. Free recall memory performance
after aneurysmal subarachnoid hemorrhage. J Int Neuropsychol Soc (2012)
18(2):334–42. doi:10.1017/S1355617711001780
27. Preiss M, Koblihova J, Netuka D, Bernardova L, Charvat F, Benes V. Verbal
memory capacity after treatment for ruptured intracranial aneurysm – the outcomes of three psychological tests: within a month, 1 year after and 5–7 years
after treatment. Acta Neurochir (2012) 154(3):417–22. doi:10.1007/s00701-0111256-2
28. Larsson C, Ronnberg J, Forssell A, Nilsson LG, Lindberg M, Angquist KA.
Verbal memory function after subarachnoid haemorrhage determined by the
localisation of the ruptured aneurysm. Br J Neurosurg (1989) 3(5):549–60.
doi:10.3109/02688698909002846
29. Khursheed F, Rohlffs F, Suzuki S, Kim DH, Ellmore TM. Artifact quantification
and tractography from 3T MRI after placement of aneurysm clips in subarachnoid hemorrhage patients. BMC Med Imaging (2011) 11:19. doi:10.1186/14712342-11-19
30. Sternberg S. High-speed scanning in human memory. Science (1966)
153(3736):652–4. doi:10.1126/science.153.3736.652
31. Khursheed F, Tandon N, Tertel K, Pieters TA, Disano MA, Ellmore
TM. Frequency-specific electrocorticographic correlates of working memory
delay period fMRI activity. Neuroimage (2011) 56(3):1773–82. doi:10.1016/j.
neuroimage.2011.02.062
32. Cox RW. AFNI: software for analysis and visualization of functional magnetic
resonance neuroimages. Comput Biomed Res (1996) 29(3):162–73. doi:10.1006/
cbmr.1996.0014
33. Cox RW. AFNI: what a long strange trip it’s been. Neuroimage (2012)
62(2):743–7. doi:10.1016/j.neuroimage.2011.08.056
34. Chen G, Saad ZS, Nath AR, Beauchamp MS, Cox RW. FMRI group analysis combining effect estimates and their variances. Neuroimage (2012) 60(1):747–65.
doi:10.1016/j.neuroimage.2011.12.060
35. Haug T, Sorteberg A, Finset A, Lindegaard KF, Lundar T, Sorteberg W. Cognitive
functioning and health-related quality of life 1 year after aneurysmal subarachnoid hemorrhage in preoperative comatose patients (Hunt and Hess Grade V
patients). Neurosurgery (2010) 66(3):475–84. doi:10.1227/01.NEU.0000365364.
87303.AC discussion 84-5,
36. Schweizer TA, Macdonald RL. Brain hemorrhage: assessing outcome after
subarachnoid hemorrhage. Nat Rev Neurol (2010) 6(8):427–8. doi:10.1038/
nrneurol.2010.94
37. Orbo M, Waterloo K, Egge A, Isaksen J, Ingebrigtsen T, Romner B.
Predictors for cognitive impairment one year after surgery for aneurysmal subarachnoid hemorrhage. J Neurol (2008) 255(11):1770–6. doi:10.1007/s00415008-0047-z
38. Bendel P, Koivisto T, Hanninen T, Kolehmainen A, Kononen M, Hurskainen
H, et al. Subarachnoid hemorrhage is followed by temporomesial volume loss:
MRI volumetric study. Neurology (2006) 67(4):575–82. doi:10.1212/01.wnl.
0000230221.95670.bf
39. Bendel P, Koivisto T, Kononen M, Hanninen T, Hurskainen H, Saari T, et al.
MR imaging of the brain 1 year after aneurysmal subarachnoid hemorrhage:
randomized study comparing surgical with endovascular treatment. Radiology
(2008) 246(2):543–52. doi:10.1148/radiol.2461061915

Frontiers in Neurology | Neurotrauma

Memory fMRI after subarachnoid hemorrhage

40. Bendel P, Koivisto T, Aikia M, Niskanen E, Kononen M, Hanninen T, et al.
Atrophic enlargement of CSF volume after subarachnoid hemorrhage: correlation with neuropsychological outcome. AJNR Am J Neuroradiol (2010)
31(2):370–6. doi:10.3174/ajnr.A1804
41. Bendel P, Koivisto T, Niskanen E, Kononen M, Aikia M, Hanninen T, et al. Brain
atrophy and neuropsychological outcome after treatment of ruptured anterior
cerebral artery aneurysms: a voxel-based morphometric study. Neuroradiology
(2009) 51(11):711–22. doi:10.1007/s00234-009-0552-5
42. Martinaud O, Perin B, Gerardin E, Proust F, Bioux S, Gars DL, et al. Anatomy of
executive deficit following ruptured anterior communicating artery aneurysm.
Eur J Neurol (2009) 16(5):595–601. doi:10.1111/j.1468-1331.2009.02546.x
43. Rypma B, Berger JS, Prabhakaran V, Bly BM, Kimberg DY, Biswal BB, et al.
Neural correlates of cognitive efficiency. Neuroimage (2006) 33(3):969–79.
doi:10.1016/j.neuroimage.2006.05.065
44. Postle BR, Berger JS, D’Esposito M. Functional neuroanatomical double dissociation of mnemonic and executive control processes contributing to working memory performance. Proc Natl Acad Sci U S A (1999) 96(22):12959–64.
doi:10.1073/pnas.96.22.12959
45. Paulesu E, Frith CD, Frackowiak RS. The neural correlates of the verbal component of working memory. Nature (1993) 362(6418):342–5. doi:10.1038/
362342a0
46. Baddeley A, Gathercole S, Papagno C. The phonological loop as a language learning device. Psychol Rev (1998) 105(1):158–73. doi:10.1037/0033-295X.105.1.158
47. Simon SR, Meunier M, Piettre L, Berardi AM, Segebarth CM, Boussaoud
D. Spatial attention and memory versus motor preparation: premotor cortex involvement as revealed by fMRI. J Neurophysiol (2002) 88(4):2047–57.
doi:10.1152/jn.00965.2001
48. Stenhouse LM, Knight RG, Longmore BE, Bishara SN. Long-term cognitive
deficits in patients after surgery on aneurysms of the anterior communicating
artery. J Neurol Neurosurg Psychiatry (1991) 54(10):909–14. doi:10.1136/jnnp.
54.10.909
49. Bullmore E, Sporns O. Complex brain networks: graph theoretical analysis
of structural and functional systems. Nat Rev Neurosci (2009) 10(3):186–98.
doi:10.1038/nrn2575
50. Li H, Xue Z, Ellmore TM, Frye RE, Wong ST. Network-based analysis reveals
stronger local diffusion-based connectivity and different correlations with oral
language skills in brains of children with high functioning autism spectrum
disorders. Hum Brain Mapp (2012). doi:10.1002/hbm.22185
51. Harvey DY, Wei T, Ellmore TM, Hamilton AC, Schnur TT. Neuropsychological
evidence for the functional role of the uncinate fasciculus in semantic control.
Neuropsychologia (2013) 51(5):789–801. doi:10.1016/j.neuropsychologia.2013.
01.028
52. Tertel K, Tandon N, Ellmore TM. Probing brain connectivity by combined analysis of diffusion MRI tractography and electrocorticography. Comput Biol Med
(2011) 41(12):1092–9. doi:10.1016/j.compbiomed.2010.11.004
53. Ellmore TM, Beauchamp MS, Breier JI, Slater JD, Kalamangalam GP, O’Neill TJ,
et al. Temporal lobe white matter asymmetry and language laterality in epilepsy
patients. Neuroimage (2010) 49(3):2033–44. doi:10.1016/j.neuroimage.2009.10.
055
54. Ellmore TM, Beauchamp MS, O’Neill TJ, Dreyer S, Tandon N. Relationships
between essential cortical language sites and subcortical pathways. J Neurosurg
(2009) 111(4):755–66. doi:10.3171/2009.3.JNS081427
55. Lopez-Barroso D, Catani M, Ripolles P, Dell’Acqua F, Rodriguez-Fornells A, de
Diego-Balaguer R. Word learning is mediated by the left arcuate fasciculus. Proc
Natl Acad Sci U S A (2013) 110(32):13168–73. doi:10.1073/pnas.1301696110
56. Hofstetter S, Tavor I, Tzur-Moryosef S, Assaf Y. Short-term learning induces
white matter plasticity in the fornix. J Neurosci (2013) 33(31):12844–50.
doi:10.1523/JNEUROSCI.4520-12.2013
57. Yonelinas AP. The hippocampus supports high-resolution binding in the service
of perception, working memory and long-term memory. Behav Brain Res (2013)
254:34–44. doi:10.1016/j.bbr.2013.05.030
58. Kumar N, Priyadarshi B. Differential effect of aging on verbal and visuo-spatial
working memory. Aging Dis (2013) 4(4):170–7.
59. Verhaegen C, Collette F, Majerus S. The impact of aging and hearing status on
verbal short-term memory. Neuropsychol Dev Cogn B Aging Neuropsychol Cogn
(2013). doi:10.1080/13825585.2013.832725
60. Peich MC, Husain M, Bays PM. Age-related decline of precision and binding
in visual working memory. Psychol Aging (2013) 28(3):729–43. doi:10.1037/
a0033236

November 2013 | Volume 4 | Article 179 | 12

Ellmore et al.

61. Reuter-Lorenz PA, Cappell KA. Neurocognitive aging and the compensation
hypothesis. Curr Dir Psychol Sci (2008) 17(3):177–82. doi:10.1111/j.1467-8721.
2008.00570.x
62. Schneider-Garces NJ, Gordon BA, Brumback-Peltz CR, Shin E, Lee Y, Sutton BP,
et al. Span, CRUNCH, and beyond: working memory capacity and the aging
brain. J Cogn Neurosci (2010) 22(4):655–69. doi:10.1162/jocn.2009.21230
63. Lancaster TM, Baird A, Wolf C, Jackson MC, Johnston SJ, Donev R, et al. Neural
hyperactivation in carriers of the Alzheimer’s risk variant on the clusterin gene.
Eur Neuropsychopharmacol (2011) 21(12):880–4. doi:10.1016/j.euroneuro.2011.
02.001
64. Bokde AL, Karmann M, Born C, Teipel SJ, Omerovic M, Ewers M, et al.
Altered brain activation during a verbal working memory task in subjects with
amnestic mild cognitive impairment. J Alzheimers Dis (2010) 21(1):103–18.
doi:10.3233/JAD-2010-091054
65. Lim HK, Juh R, Pae CU, Lee BT, Yoo SS, Ryu SH, et al. Altered verbal working
memory process in patients with Alzheimer’s disease: an fMRI investigation.
Neuropsychobiology (2008) 57(4):181–7. doi:10.1159/000147471

www.frontiersin.org

Memory fMRI after subarachnoid hemorrhage

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 30 August 2013; paper pending published: 01 October 2013; accepted: 23
October 2013; published online: 06 November 2013.
Citation: Ellmore TM, Rohlffs F and Khursheed F (2013) fMRI of working memory
impairment after recovery from subarachnoid hemorrhage. Front. Neurol. 4:179. doi:
10.3389/fneur.2013.00179
This article was submitted to Neurotrauma, a section of the journal Frontiers in
Neurology.
Copyright © 2013 Ellmore, Rohlffs and Khursheed. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

November 2013 | Volume 4 | Article 179 | 13

